A n abundance of epidemiological evidence links vitamin D deficiency to cardiovascular disease (CVD). In 2 large meta-analyses of prospective cohort and intervention studies, lower serum total 25-hydroxyvitamin D (25-OH vitamin D; the major circulating form of vitamin D) was associated with a greater risk of fatal and nonfatal CVD events in both healthy persons and those with preexisting CVD. 1, 2 Combined with biochemical evidence of 25-OH vitamin D's role in the development of cardiovascular risk factors such as insulin resistance, 3 many have suggested that vitamin D deficiency is causally related to CVD. Given the high prevalence of vitamin D deficiency in the Northern Hemisphere, 4 findings such as these have helped increase demand for 25-OH vitamin D testing and supplementation rates. 5 Nevertheless, because of a lack of high-quality trials of vitamin D supplementation, 6 both the US Agency for Healthcare
Research and Quality 7 and the US Institute of Medicine 8 have stated that evidence is insufficient to support a causal role of vitamin D in CVD. Others have noted that vitamin D deficiency may simply indicate ill health. 9 As such, 25-OH vitamin D could still be valuable as a clinical prognostic marker. 8, [10] [11] [12] While several clinical studies have evaluated the association between 25-OH vitamin D and risk of CVD outcomes, complications, and mortality following surgery or hospitalization, [13] [14] [15] [16] [17] [18] [19] [20] few have fully evaluated the prognostic value of 25-OH vitamin D by contrasting model discrimination, fit, and calibration to those from models containing established risk factors. Furthermore, none have examined the ability of 25-OH vitamin D to appropriately reclassify patient risk when added to models containing established risk factors. The objectives of this study were therefore to (1) examine the association between serum total 25-OH vitamin D concentration and total mortality in a population of patients undergoing coronary catheterization; (2) examine variation in this association according to timing between 25-OH vitamin D testing and catheterization, demographic risk factors, clinical risk factors, and season of testing; and (3) determine whether 25-OH vitamin D provides additional prognostic value (superior model discrimination, fit, calibration and risk reclassification) above and beyond established risk factors.
Methods

Study Population
Our study included patients from the Alberta Provincial Project for Outcome Assessment in Coronary Heart Disease (APPROACH). Established in 1995, APPROACH is a cardiac admission, catheterization, and revascularization registry that collects demographic, clinical, and outcome data on all patients undergoing invasive cardiac procedures in the province of Alberta, Canada. 21 At the time of analysis, follow- were corrected to match those from Calgary by subtracting 8 nmol/L. Results below each assay's limit of quantification were replaced with the respective limit of quantification and results above each assay's upper reporting limit were replaced with the respective upper reporting limit.
Outcome
The outcome used was total (all-cause) mortality, provided by linkage of the APPROACH registry to Alberta Vital Statistics.
Covariates
Established prognostic factors were assessed at catheterization in the APPROACH registry. Continuous covariates were dichotomized according to the median prior to testing, and strata-specific associations were shown for any significant interactions.
The ability of models to discriminate between patients who died versus those who did not was evaluated using the concordance probability estimate (C-metric). 22 Model fit was assessed using the Akaike Information Criterion (AIC), a measure that assigns a penalty for additional variables in a model. Calibration was evaluated using the Greenwood-Nam-D'Agostino goodness-of-fit test. 23 Risk reclassification was assessed using net reclassification improvement (NRI) 24 from a model containing demographic and clinical covariates versus a model also containing 25-OH vitamin D. The NRI describes (1) the proportion of cases (deaths) correctly reclassified to higher risk categories (case NRI=[number of cases reclassified higherÀnumber of cases reclassified lower]/number of cases) and (2) the proportion of controls (survivors) correctly reclassified to lower risk categories (control NRI=[number of controls reclassified lowerÀnumber of controls reclassified higher]/ number of controls). An "overall" NRI can be calculated as the sum of both, however this cannot be expressed as a percentage because it is the sum of 2 fractions with different denominators. 24 Risk categories of 0% to <5%, 5% to <10%, 10% to <20%, and ≥20% were selected for use in NRI calculations after physician consultation and literature review. 25 For calibration and net reclassification, we used predicted probabilities calculated at 5 years of follow-up. All statistical analyses were performed using SAS version 9.4 (SAS Institute). Analyses were considered statistically significant at a<0.05.
Results
The final data set contained 2975 patients (mean age 64 years, 60% male) catheterized between November 2007 Increasing 25-OH vitamin D quintile was significantly associated with greater patient age; higher proportions of past smokers and patients without a measure of ejection fraction; lower BMI; lower proportions of men, current smokers, those with type 2 diabetes mellitus and those who were tested during the winter season (Table 1) .
Compared with patients who were tested, the remaining 26 704 who were not tested were significantly younger, were more likely to be male and currently smoke (Table S1 ). They also had higher BMI; a greater prevalence of a family history of coronary heart disease, prior myocardial infarction, congestive heart failure, missing ejection fraction, and low ejection fraction; and lower prevalence of renal disease and type 2 diabetes mellitus. These patients also had higher Duke5 scores and longer follow-up after catheterization.
Serum total 25-OH vitamin D quintile was inversely associated with risk of mortality following coronary catheterization (hazard ratio 1.56 for bottom versus top quintile, 95% CI 1.17-2.08, P for trend <0.001), which was driven by excess risk in the first quintile (Figure) . The association was strengthened (hazard ratio 2.07, 95% CI 1.54-2.78, P for trend <0.001) after adjusting for demographic risk factors (age, sex) but was weakened (hazard ratio 1.84, 95% CI 1.36-2.50, P for trend <0.001) after further adjusting for clinical risk factors. In a sensitivity analysis, adjustment for medication use, including lipid-lowering agents, antiarrhythmia medications, blood pressure-lowering agents, anticoagulants, thrombolytic agents, antiplatelet agents, nitrates, insulin, and other blood sugar-lowering medications did not substantially change the association (data not shown). In addition, using the last 25-OH vitamin D test result prior to catheterization weakened the association slightly (data not shown).
The overall association between 25-OH vitamin D and mortality was attenuated among patients who were older, who had an ejection fraction <50%, or who had a higher Duke5 score (P for interactions <0.05) ( Table 2 ). Interestingly, the association was not significantly affected by the time between testing and catheterization or season of testing (data not shown).
Despite being inversely associated with mortality, 25-OH vitamin D quintile had poor discriminative ability and model fit (c-metric 0.55, AIC 6212) compared with demographic and clinical risk factors together (c-metric 0.70, AIC 5924) ( Table 3 ). Adding 25-OH vitamin D quintile to the model containing demographic and clinical risk factors only slightly improved overall discrimination and fit (c-metric 0.71, AIC 5908). All models were acceptably calibrated by the Greenwood-Nam-D'Agostino test (P≥0.05); however, the model containing only 25-OH vitamin D quintile was the most well calibrated.
When 25-OH vitamin D quintile was added to the model containing demographic and clinical covariates, 20% of all patients were reclassified to a new 5-year risk category (Table 4) . Among deaths, 9.0% were correctly reclassified to a higher risk category and 7.1% were incorrectly reclassified to a lower risk category, resulting in an NRI for deaths of 1.9% (Table 4 ). Among survivors, 11.3% were correctly reclassified to a lower risk category and 9.0% were incorrectly reclassified to a higher risk category, resulting in an NRI of 2.3% for survivors ( Table 5 ). The overall NRI was 0.041 (Table 5 ).
Discussion
In a population of patients undergoing their first coronary catheterization, higher pre-catheterization serum total 25-OH vitamin D was significantly associated with a lower risk of mortality, largely due to the excess risk in the bottom quintile. 16 and following cardiac surgery, 15, 30 likely due to fluid administration. This finding clearly supports measuring 25-OH vitamin D in the pre-procedural rather than peri-or post-procedural states, and may explain heterogeneity between studies. In our study, serum total 25-OH vitamin D measured prior to catheterization was inversely associated with mortality. Patients with a 25-OH vitamin D concentration in the bottom quintile had nearly twice the risk of death compared to those in the top quintile, even after adjusting for BMI. Adipose tissue, which is strongly associated with increased BMI, is a sink for fat-soluble 25-OH vitamin D 8 and is causally related to development of dyslipidemias, type 2 diabetes mellitus, high blood pressure, and inflammation. 31 Interestingly, this association remained significant after adjusting for other risk factors and possible mediators (eg, type 2 diabetes mellitus, hypertension, coronary artery disease severity) which could indicate that 25-OH vitamin D affects mortality risk through an independent pathway; however, because of a lack of information on diet, physical activity, and other correlated risk factors, this association is more likely due to residual and unmeasured confounding. We found that this association was significantly attenuated in older patients, among those with a low ejection fraction or a high Duke5 score. This may be expected if other risk factors are more important than vitamin D status and tend to "wash out" associations attributed to 25-OH vitamin D. Another explanation is simply that these patients are more likely to take vitamin D supplements which would result in exposure misclassification and attenuation of the association. Interestingly, elapsed time between 25-OH vitamin D testing and catheterization did not alter this association, suggesting that 25-OH vitamin D concentration is relatively stable over long periods of time; however, using the last 25-OH vitamin D measure before catheterization attenuated the overall association, which may be due to lifestyle modification, supplementation, and other changes initiated by patients after receiving results from the first test.
According to the American Heart Association, the prognostic value of novel risk markers should be evaluated in terms of model discrimination, fit, calibration, and particularly the ability to correctly reclassify cases and controls compared to established risk factors. 32 Nevertheless, few epidemiological studies of 25-OH vitamin D followed these recommendations. In our study, serum total 25-OH vitamin D was a poor discriminator of patients who died and those who survived. As well, adding 25-OH vitamin D to a model containing established demographic and clinical risk factors led to only minor improvements in model discrimination and fit. However, as the c-metric is insensitive to changes in absolute probability, 33 we calculated the NRI. 24 As NRIs for both deaths and survivors were <5%, this suggested that serum total 25-OH vitamin D provides little prognostic value above and beyond established cardiovascular risk factors. Our study has several strengths. First, we examined only the first 25-OH vitamin D measurement occurring before the first catheterization to reduce the possibility that patients changed their diet, physical activity, or supplement use in response to a diagnosis of vitamin D deficiency or CVD, which could bias associations. Second, we were able to evaluate the impact of and adjust for multiple risk factors and coronary artery disease severity in our models. Third, to our knowledge, our study is the first to use reclassification measures to evaluate the prognostic value of serum total 25-OH vitamin D compared with established risk factors. Fourth, we added depth to a well-established and long-running cardiac catheterization registry by linking to provincial repositories of laboratory data containing abundant 25-OH vitamin D test data.
Our study also has some limitations. First, not all APPROACH patients were tested for 25-OH vitamin D; therefore, our findings may not be generalizable to all patients receiving coronary catheterization. Associations were slightly stronger in younger and healthier participants who made up a larger proportion of untested patients; however, these small differences are unlikely to change our overall findings. Second, we had no control over when patients were tested for 25-OH vitamin D relative to catheterization; however, the association of 25-OH vitamin D and mortality did not significantly change according to time between testing and catheterization. Third, although cause of death was not available in our data, a large proportion of patients would have died from cardiovascular causes. Fourth, although there is likely residual and unmeasured confounding in our study because of individual differences in sun exposure, physical activity, diet, or supplement use, we attempted to limit the effect of lifestyle changes that might occur after a diagnosis of vitamin D deficiency or catheterization by including only the first 25-OH vitamin D test result prior to the first catheterization.
Conclusions
Pre-catheterization serum total 25-OH vitamin D was inversely associated with mortality risk after adjusting for established demographic and clinical risk factors. This association was attenuated by several competing risk factors. Overall, 25-OH vitamin D added little prognostic value over established risk factors; therefore, its measurement is not warranted in patients undergoing coronary catheterization.
